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SPACE SHUTTLE PINHOLE FORMATION MECHANISM STUDIES

Nathan S. Jacobson

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

SUMMARY

Pinholes have been observed to form on the wing leading edge of the space shuttle alter about 10 to 15 flights.

In this report we expand upon previous observations by Christensen (ref. I ) that these pinholes often form along
cracks and are associated with a locally zinc-rich area. The zinc appears to come from weathering and peeling paint

on the launch structure. Three types of experimental examinations are performed to understand this issue further:

(a) Detailed microstructural examination of actual shuttle pinholes (b) Mass spectrometric studies of coupons con-

taining actual shuttle pinholes and (c) Laboratory furnace studies of ZnO/SiC reactions and ZnO/SiC protected car-
bon/carbon reaction. On basis on these observations we present a detailed mechanism of pinhole formation due to

formation of a corrosive ZnO-Na20-SiO 2 ternary glass, which flows into existing cracks and enlarges them.

INTRODUCTION

Material Description

The wing leading edge and nose cap of the space shuttle orbiter is composed of a reintbrced carbon/carbon
(RCC) material. The location of these panels on the orbiter is shown in figure 1. A diagram of the RCC material is

shown schematically in figure 2 and described in more detail in reference 1. It consists of layers of a graphitized

rayon fabric, which are repeatedly impregnated with a liquid carbon precursor. Pyrolysis then converts the precursor
to carbon. A diffusion conversion coating of silicon carbide is then grown on the surface at high temperatures by a

pack siliconizing cementation technique. Next the material is vacuum infiltrated with tetraethyl orthosilicate (TEOS)
to fill cracks and fissures. On heating, the TEOS decomposes to silica. The outer layer is a proprietary sealant of

'Type A' glass, which is primarily sodium silicate. This is intended to flow into the cracks which develop in the SiC.

An important issue with this system is the thermal expansion mismatch between the SiC coating and the carbon/

carbon. Cracks develop in the SiC coating during processing and also during service. Figure 3 and the associated

oxygen map illustrate these two types of cracks. The crack which developed during processing is filled with pure

silica, as indicated by the oxygen map. No other elements were detected in this crack. The crack which developed

during testing is visible in the image as an open crack.

At this point it is appropriate to discuss the oxidation of SiC and the effect of a sodium silicate glass coating.
Oxidation of SiC has been extensively studied and recently reviewed in detail (rel\ 2). The process is illustrated in

figure 4(a). Oxygen permeates a growing SiO 2 film and reacts with SiC at the SiC/SiO 2 interface, according to:

SiC(s) + 3/2 O2(g) = SiO2(s) + CO(g) (I)

The rate controlling step is the permeation of oxygen inward through the SiO 2 network. As the reaction pro-

ceeds CO(g) must escape from the reaction interface, either by a permeation process through the SiO 2 scale or, in

some cases, by forming bubbles in the SiO 2. Generally bubbles in SiO 2 indicate a large amount gas escaping and

hence a vigorous reaction.
Small amounts of foreign cations, such as Na or K, tend to act as network modifiers, breaking up the SiO_

network and allowing faster oxygen transport and hence faster oxidation rates (ref. 2). Controlled studies of cation

modified SiO 2 scales indicate that these cations can accelerate oxidation rates by up to 10X (ref. 2). Larger amounts
of cations, as added oxidcs (e.g., Na20) may react with the SiO 2 to form low melting eutectic liquids which have

rapid transport rates and allow for rapid oxidation. Figure 5 is the Na20-SiO 2 binary phase diagram (ref. 3). It

lollows that when a Na20.x(SiO 2) liquid is applied to a SiO 2 -forming ceramic, the equilibrium situation is illus-

trated in figure 4(b). The composition of the liquid silicatc at the silicate/SiO,, interface is given by the liquidus
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(liquid/tridymite+liquidline)infigure5(refs.2and4).Inthiscasewi:htheRCCmaterial,whenNa20.x(SiO2)is
addedtotheapre-existingSiO2filmonSiC,onewouldexpecttheSiO,todissolveintheNa20.x(SiO2)untilthe
regionadjacenttotheSiO.,filmhastheliquiduscomposition(SiO2saturated)andthemorphologyshownin
figure4(b).

ENTRYCONDITIONS

Thechemicalreactionswhichleadtopinholeformationareexpectedtooccurwhentheshuttlewingleading
edgesarehottest---duringlaunchandre-entry(ref.5).Launchlastsabouteightminutesandinvolvestemperatures
onlytoabout755K(900°F).Re-entryinvolvestemperaturesupto1922K(3000°F)andlastsabout30min.The
timetoreachtemperatureis5to8rainandthehighesttemperaturesiasiabout7to8rain.Possibletrans-Atlantic
(TAL)aborttrajectoriesfortheShuttleinvolvetemperaturesto2095K There-entryatmosphereis essentiallya
reducedpressureofair--0.005to0.010atmandcontainsacomplexmixtureofmolecules,atoms,andions.Thereis
agooddealof informationonthisatmosphere(ref.5).Simulatingthisenvironmentforgroundbasedstudieswith
controlledvariableshasalwaysbeenaproblem.Howeveranarc-jetisgenerallyacceptedasthebestapproach
(refs.6and7).

IMPURITYDEPOSITS

Theorbitermaysitonthelaunchpadforperiodsofuptoamonthbeforelaunch.Thesea-saltladenairofthe
Floridacoastisacorrosiveenvironmenttoboththelaunchstructureandthevehicle.RecentlyGordon(ref.8)has
completedaseriesofchemicalanalysestodeterminetheprotectedRCCcontamination.Mostoftheimpurities
loundarefromtheweatheringpaint.TheseincludeFe,Ca,Si,Zn,AI,Mg.

CONDITIONSFORPINHOLEFORMATION

Afterabout10to 15flightssmallpinholeshavebeenobservedprimarilyonthewingleadingedge.Detailed
descriptionsofthesepinholeshavebeenreportedinseveralreports(refs.1and9). Hereweshallsummarizethe
observationscriticaltothemechanism.Initiallypinholeswerediscoveredonthewingleadingedgeoneachofthe
tourorbiters.Laterasmallnumberofpinholeswerediscoveredonthenose-cap.Thewingsareexposedonthepad.
whereasthenose-capiscovered.Theorbiter,OV-102(Columbia),hasthelargestnumberofpinholes.Thisisthe
oldestoftheshuttlesandgenerallyflieshotter.

Figure6showssixdifferentpinholesfromOV-102.Somearefron_apanelremovedafter15flightsandsome
fromapanelremovedalter19flights.Foreachpinhole,asurfaceviewanda polishedcrosssectionispresented.In
allcasesthesurfaceviewisabackscatteredelectronimage(BSE).In somecasesaBSEimageofthepolishedcross
sectionispresented;inothercasesanopticalmicrographofthepolishedcrosssectionispresented.Fromthesemi-
erographsandotherobservations,anumberofgeneralizationsaboutpinholescanbemade.

InaBSEimage,thephaseswithheavierelementstendtoappearbrighter.Elementalidentificationofthese
brightphasesindicatedalargeamountof zinc.Thesourceofthiszincislikelytheflakingpaintfromthelaunch
structure.Thuspinholesarealwaysassociatedwithzinc.AspointedoutbyChristensen(ref.I),theglassadjacentto
thepinholehasamorefrothyandbubblyappearancethantheglasswhchnormallycoverstheRCC.TheBSEim-
agesofthecrosssectionsindicatethatthezinc-richglassflowsintothepinholes.Inadditionthepinholesarenearly
alwaysalongcrazecracksintheSiC.Thesearetbrmedductothethenlalexpansionmismatchbetweenthecarbon/
carbonandthcSiCcoating.Thecrosssectionsallsuggestthatthepinh_leissimplyanenlargementofupperportion
ofoneofthesecracks.

PROPOSEDMECHANISMS

A numberofmechanismshavebeenproposedtoexplainthepinholeformation(refs.I, 9to 1I).Todate.no
mechanismfullyexplainsalloftheobservationsassociatedwithpinholes.Theproposedmechanismshavebeen
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nicelysummarizedinthereportbyChristensen(ref.1).Thereforeweshallonlybrieflydiscussthekeyissuesof
eachmechanism,withanemphasisonthehightemperaturechemicalreactionsineachprocess.

Severalproposedmechanismsarebasedoninternaleffects(refs.I, 9and11).Theseareshownschematicallyin
figure7(a)to(c)andlistedbelow:

(a)Pinholesaredefectsin theSiCcoatinglk_rmedduringprocessing.Astheouterlayerofglassvolatilizesdur-
ingeachmission,thesedefectsareexposed.

(b)InteractionofSiC(orC)andSiO2togenerategases:

SIC+2SiO2=3SiO(g)+CO(g) (2a)

C+ SiO 2 = SiO(g) + CO(g) (2b)

(c) Formation of SiO(g) due to low partial pressures at the bottom of pinhole and subsequent re-oxidation to

SiO2(s) at the top.

The basic problem with each of these is that they do not account for the concentration of zinc noted at each pin-

hole. In addition, one would expect mechanism (a) to be operative in laboratory furnace tests. Despite extensive

testing of the coated RCC material in the laboratory, no pinholes have been observed.
A sodium chloride induced mechanism was proposed in reference 10. This is shown schematically in figure 8.

In this case the NaCI is proposed to collect in a crack or fissure where the oxygen potential is low. This reacts with

the SiC to form SiC1 x species--primarily SiC12. These diffuse to the top and are re-oxidized to SiO 2, which would

create an additional glassy area near the pinhole. As will be shown, sodium chloride is present on the RCC material,

very likely from the sea-salt laden air of the cape. It has been shown that this is a thermochemically viable mecha-

nism for pinhole tbrmation and that diffusion can account for the material removal necessary to create these pits
(ref. 10). However this mechanism does not account for the concentration of zinc associated with each pinhole and

sodium chloride/RCC laboratory tests were not able to reproduce the pinholes or any actual pinhole features. How-

ever, non-representative pinholes were formed after treating a coated RCC coupon with sea salt and testing in a

NASA/JSC arc-jet (refs. I and 13).
The concentration of zinc associated with each pinhole cannot be ignored. It is likely that the zinc plays a role in

pinhole formation. Christensen (ref. 1) suggests that formation of various zinc silicate products may indeed lead to

consumption of the SiC coating and pinhole lormation. In this report we shall build on this idea. A series of micro-
structures will be examined and discussed to develop a detailed, thermochemically sound mechanism.

EXPERIMENTAL

This report consists of three experimental sections: ( I) Detailed microstructural observations of RCC material

removed from the Shuttle. (2) Mass spectrometric studies of the RCC material removed from the Shuttle and (3)

Laboratory furnace studies of the RCC material and microstructural examination.

( I ) Observations from Shuttle

The pinhole cross sectioning technique, illustrated in figure 6, was particularly useful for this study. This has

been described in a previous publication (ref. 12) and will only be briefly summarized here. The region around the

pinhole was cut with a diamond sectioning saw and then gently polished to reveal a cross section of the pinhole.
Samples were examined with both optical and scanning electron microscopy (SEM). As mentioned, backscattered

electron (BSE) images were particularly useful in identifying regions containing zinc. A newer SEM with a field

emission gun (FEG) was particularly valuable lbr high magnification examination of the glass/SiC interface.

Elemental analysis was done with energy dispersive spectroscopy (EDS). One issue with EDS is the overlapping

of the Zn and Na peaks. Additional elemental analyses were therefore done with a wavelength dispersive spectro-

meter (WDS), which allowed separation of the Na and Zn peaks.
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(2)MassSpectrometricStudiesoftheRCCShuttleMaterial

WhenanRCCpanelfromtheshuttlewastestedintheNASAJSCarc-jetfacility,ared-orangegasemerged
fromthepinholeswasobserved(ref.13).Thisisshowninavideocapturedphotographinfigure9.Identifyingthis
gashasproventobeachallenge.Classicalmethodsofgasidentification(e.g.,massspectrometryandUV/VIS/IR
basedspectroscopies)aresimplynotpossibleinanarc-jet.Cautionshouldbetakeninintrepretingthecolorsin
figure9,howeverthered-orangeappearanceisstronglysuggestiveofasodiumflamespectra.

WeexaminedthesesamctypesofpanelsinourmolecularbeammassspectrometeratNASALewis.This
uniqueinstrumentallowsdirectmassspectrometricsamplingofaprocessoccurringatoneatmospherewithahigh
sensitivityquadrupolemassspectrometer.Thisisaccomplishedbyafree-jetexpansionofthegasestobesampled
intoalarge,rapidlypumpedvacuumchamber.Thisleadstoawell-definedmolecularbeamwithlimitedmolecule/
moleculeandmolecule/wallcollision.Thebeamisdirectedtoamassspectrometerinanultra-highvacuumchamber
andchemicalanddynamicintegrityofthesampledgasispreserved.A blockdiagramofthissystemisshownin
figure10andmoredetailsonthesystemcanbetoundinreference14.Thisparticularconfigurationiswell-suitedto
identifyinghightemperature,condensablespeciessuchasNaCl(g),Zn(g),andNa20(g).Thesensitivityisbetter
thanoneppm.

(3)LaboratoryFurnaceTests

Althoughduplicatingthecomplexconditionsofvehiclere-entryinalaboratoryfurnaceisnotpossible,wecan
examinesomepossibleRCC/ZnO/entryatmospherereactionsatelevatedtemperaturesinthelaboratory.It isimpor-
tanttonotetheZnfromthepaintwouldnotexistinelementalform,butratherasabinaryoxideorcomplexoxide.
ForthesestudiesweusedZnO.TableI liststhevariousreactantsandfurnaceexposuresused.InordertoputZnO
onaSiCorRCCcoupon,awater-basedslurryofZnOwasmade.Dropsofthisslurrywereputonthecouponand
thecouponthendriedinadryingovenat100°Cforseveralhours.Thenthespecimenwasheattreatedunderthe
conditionsgivenintableI. Afterexposure,sampleswereanalyzedinseveralways.SiCsampleswerechemically
analyzedaltertreatinginwarm10percentHFfor2hrtoremovethereactionproducts.Theseproductswerethen
analyzedwithatomicemissionspectroscopy.Inaddition,standardscanningelectronmicroscopywasusedtoexam-
inethesamplcsurfacesandcrosssections.Electronmicroprobeanalysis(EPMA--JEOLSuperprobe,Binghamton
University,Binghamton,NY)wasus/tdfordeterminingelementaldistributions.

RESULTS

PinholeMicrostructures

Inthissection,wepresentdetailedmicrostructuralexaminationsofthepinholesshownin figure6.FigureII is
ahighmagnificationmicrographandassociatedEDSoffigure6(a).Thiswastakeninthebackscatteredmodewith
ourFEG-SEM.NotethattheNa-Zn-Si-Oglassonlyextendstothebottomoftheenlargedcrack.Belowthis,onlya
Na-Si-Oglassisobservedinthecrack.Figure12isa7000Xmagnificationofaregionof theglassintheenlarged
partof figure6(1").Threedistinctlayersarepresentintheglassandass_,ciatedEDSspectrashowagradientinZn.
Thcinnermostlayerisnearlypuresilica.TheEDSspectraindicateag-adientinZnconcentrationthroughthelay-
erswiththelargestconcentrationontheoutside.Asdiscussed,NaandgnpeaksoverlapinEDSspectra.Inorderto
resolvethese,WDSwastakenofthisglassyregion.TheSEMwiththeWDSattachmentdidnotallowthethree
layerstoberesolved.HoweveraWDSspectrumoftheentireglassregionshowedbothNaandZn(fig.13).Typi-
callysuchSiO2dissolutionmicrostructures(ref.2)showapurelayerofSiO2adjacenttotheSiCandadecreasing
gradientinNaIYomthegas/solidinterface.Further,inthiscase,it is likelythatbothNaandZnshowsimilargradi-
ents,decreasingtowardtheSiC/glassinterface.

MassSpectrometryofShuttleRCCPanels

Asdiscussed,wccouldnotattachamassspectrometerdirectlytoanarc-jet.However,wecouldveryroughly
approximatetheconditionsof the arc-jet in our high pressure sampling mass spectrometer. To do this, we used a
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mixtureof I percentoxygen/Arandheatedthesampleto1100°C.Interestingly,themassspectrumshowedalotof
ZnandNaCIvapors.Thisisshowninfigure14.Thesevaporswereobservedforabout5to 10minattemperature.
Unlbrtunately,wewerenotabletoviewthesamplesduringthistest,sowecannotunequivocallysaythatthe
orange-redgaswasZn(g)and/orNaCl(g).HoweverthistestindicatedtherewasasubstantialamountofZnand
NaCIdepositedontheRCCpanels.

FurnaceTestsofSiCandRCCPanels

Alimitednumberoffurnacetestsweredonetotrytounderstandsomeofthehightemperaturereactions.The
conditionsarelistedin tableI.TheresultsofasimpletestofZnOandSiCareillustratedinfigure15andlistedin
tableII.It appearsthatZnOenhancestheoxidationofSiCbyafactoroftwo.ThisisverylikelybytheZndoping
theSiO_networkandleadingtofastertransportrates.SincetheZnO-SiO2 eutectic is high (fig. 16--1705 K). no

liquid is formed under these conditions. A solid system exhibits much less attack than a liquid system.
Some tests were also done on the RCC material + ZnO. In this case extensive reaction was noted, as shown in

the optical micrographs in figure 17. This bubbly, friable glass was reminiscent of the glass observed on the shuttle

spccimens. This glass was further examined with the EPMA. First a region which appeared to bc Zn-rich glass on

SiC was examined. This is shown in figures 18 and 19. These figures indicate a thick layer of Zn-rich glass, with a

thin layer of SiO 2 adjacent to the sample. The large bubble indicates extensive gas generation. Figure 19 shows an
enlarged region with what are very likely SiO 2 crystallites adjacent to the SiC. This is reminiscent of the glass ob-

served on the shuttle specimens.

Figure 20 a region where the Zn-rich glass was adjacent to a SiO 2 filled region. This SiO 2 region was likely

formed in processing by the TEOS vacuum infiltration/decomposition to silica step. The significant point here is that

the zinc rich glass maintains a distinct layer from the silica.

In order to explore the effects of both ZnO and NaCI on the RCC material, a coating of NaCI was put on the

Zn-rich glass. The EPMA results are shown in figure 21. Generally most of the NaCI remains on top of the ZnO-rich

glass with little interaction. However the elemental maps suggest that some CI flows down a crack.

DISCUSSION

It is appropriate to summarize what we know about pinholes at this point:

A. Shuttle:

1. Pinholes form on primarily on the wing leading edges, but not necessarily on the hottest parts.

2. A minimal amount of pinholes form on the nosecap, which is covered while on the launch pad.

3. Pinholes appear alter 10-15 flights.

4. The orbiter may sit on the pad up to a month, collecting various impurities from flaking paint and the sea salt

laden air. The frequent appearance of zinc appears to be highly significant.

5. Mass spectrometric evidence indicates Zn and NaCI collect on the coated RCC material.

6. Pinholes are associated with a region of zinc rich glass.
7. The zinc rich glass appears frothy and more fluid than the Type A glass.

8. Pinholes occur along the cracks in the SiC caused by CTE mismatch between the RCC and the SiC coating.

9. Pinholes appear to be an enlargement of the outermost regions of the cracks in the SiC.

10. Detailed microstructural examination of the glass inside the pinholes indicates an Na-Zn-Si-O glass with

multiple composition layers. There is a decreasing gradient in Zn and Na toward the glass/SiC interlace with nearly

pure SiO 2 crystallites adjacent to the SiC.

B. Laboratory Experiments:

I. ZnO does not react appreciably with pure SiC.

2. ZnO appears to causc a vigorous reaction with the protected RCC material (Type A glass). This is evidenced

by the formation of entrapped bubbles and a thick glassy layer.
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3.TheglassyZn-richlayerisnotindirectcontactwiththeSiC,ralherthereislayerofpureSiO2crystallites
betweentheZn-richglassandtheSiCcoatingontheRCC.

4.NaCidepositsontheglassdonotappeartointeractwiththegla_sdirectly.
5.NaCIdepositsmaycollectininternalcracks.

TheseobservationssupportazincoxidebasedpinholemechanismandtoalessextentaNaCI-basedmechanism
discussedinanearlierreport(ref.10).Considerthezincoxidebasedmechanism.Thekeyobservationhereisin
figure17.ThepresenceofZnOontheprotectedRCCmaterialleadstothetormationofathickZn-Na-Si-Oglass,
withalotofentrappedbubbles.Theadditionalsilicainthisglasscannotbefromthesilicawhichisalreadyapartof
theRCCmaterial,butrathermustcomefromoxidationoftheSiClayer'.Thisleadstoconsumptionofthelayerand
alsoaccountsfortheextensivegasandresultantbubbleformation.Thusasequenceofreactionsis likely:

Na20.x(SiO2)(f)+y ZnO(s5= Na20.y(ZnO).x(SiO2)(t;) (3)

SiC(s)+3/2O2(g)=SiO2(s)+CO(g) (4)

Na2().y(ZnO).x(SiO2)(_)+SiO2(s)= Na20.Y_ZnO).(x+ I)(SiO2)(C5 (5)

Reaction(3)issignificantsinceit leadstomeltwithahighercapacitytodissolvesilica.TheNa-Zn-Si-Ocom-
poundislikelytobeevenlowermeltingthanNa-Si-Omelts,ascanbeseenintheNa20-ZnO-SiO2ternaryphase
diagram(fig.225.Thislowermeltingpointexplainstheobservedincreasedfluidityoftheglass.Unfortunatelydue
totheformationofglassesofvaryingstoichiometry,it isnotpossibletowriteexactreactions.Notethatatthetem-
peraturesofreaction,theglassmustbemolten.Althoughpost-examinationhasrevealedzincsilicates(ref.I5,it is
likelythatthesecrystallizedoutofthemeltoncooling.

Figure23isaschematicofaproposedmechanism.ZnOparticleslodgenearexistingcracks.ThenaNa20.
y(ZnO).x(SiO2)glassformsduetoreactionoftheZnOwiththesodiumsilicatesealantviareaction(3).Thisreac-
tiveglasscandissolvethestableSiO2layerontheSiCinthecrackviareaction(5).FurtherrapidoxidationofSiC
canoccurviatransportthroughtheNa20-ZnO-SiO2liquidviareaction(4).Thisoxidationanddissolutioneffec-
tivelyleadstoconsumptionofSiCandenlargementofthecrack.IntitretheNa20-ZnO-SiO2liquidwillbecome
saturatedinSiO_andthereactionwillstop.Thistypeofoxidationanddissolutionhasbeendiscussedintheintro-
ductionandiscommonlyobservedinhightemperatureNa20-induced,'orrosionreactions(ref.2andfig.4).

Howeverdissolution/oxidationcannotaccountfortheenlargementofcrackstothepointof0.1mmpinholes.
It isproposedduringre-entry,freshsurfacesSiCarecontinuallyexposedforattackbytheNa20-ZnO-SiO2liquid.
Thevolatilespeciesescapingfromthecrack(eg.CO(g),NaCl(g),Na2l)(g))maypushouttheSiO2-saturated
Na20-ZnO-SiO2liquid.Thisprocessmayinfactbetheeruptionsobsevved(figure9andref.135inthearc-jettest-
ing.Inaddition,thethermalexpansionmismatchbetweentheSiCandheRCCmaterialcreatesstresseswhichkeep
thecrackopeningandexposingSiCsurfaces.ThenSiO2-depletedNa2t)-ZnO-SiO2liquidmayattacktheseSiC
surfaces.Thiscontinualprocessofoxidationanddissolution(reaction:4and5),leadstoeffectivecrackenlarge-
mentintoapinhole.

RECOMMENDATIONS

Itappearsthatthepinholelbrmationisaresultofexternalcorrosi_eelements.Mostoftheevidencepoints
towardthedeleteriouseffectsofZnalthoughNaCImaystillplayarolt.Theaginglaunchstructureinthecorrosive
marineenvironmentistheproblemhere.Thustheobvioussolutionsar,;physicalprotectionofthewingsandim-
provementofthepainlonthelaunchstructure.

Thecurrentrefurbishmentprocedureinvolvessandingofftheglas,/SiO2outerlayersontheprotectedRCC,
re-infiltratingwithTEOS,decomposingtheTEOStoSiO2,andsealingwithTypeAglass.Thisshouldbeadequatc
forncar-tcrmrepairsasit will removetheZndeposits.However,inthelongterm,pinholeswillcontinuetolorm
andexistingpinholesmaygrowandsimplybefilledwithSiO_aslongasthereisasourceofZncontamination.
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ThiswillgraduallyincreasethevolumefractionofSiO2intheSiCcoating,eventuallyleadingtoaninadequate
coating.Kineticdatawouldbehelpfulinassessinghowquicklythesepinholesformandgrow.

Intermsofsolutions,theremovaloftheZncontaminationisclearlyaneededstep--byimprovedcoatingsof
thelaunchstructure.It isrecommendedthatthequalityoftheSiCcoatingshouldbemonitoredandtheentireRCC
materialshouldbereplacedperiodically.Alsodevelopmentofmorecrack-resistantcoatings(e.g.,gradedSiC)and
corrosionresistantsealantsshouldbebeneficial.

SUMMARY

Inthisreportweexploreanumberofissuesrelatedtotheobservedpinholesinthewingleadingedgeofthe
spaceshuttle.Experimentallythisinvolves(I)Detailedmicrostructuralexaminationofthepinholesfromtheshuttle.
(2)MassspectrometricexaminationoftheprotectedRCCmaterialremovedfromtheshuttleand(3)Laboratory
furnacestudiestounderstandZnO/protectedRCCinteractions.Mostoftheevidencepointstowardacriticalroleof
Znincreatingthepinholes.A mechanismisproposedbasedontheformationofaZnO-Na20-SiO2ternaryglass.
ThisglassrunsintocracksandattackstheSiCwalls.Thiseffectivelyenlargestheuppermostportionsofthecracks,
leadingtotheobservedpinholes.Thefeaturesofthismechanismareconsistentwithmostoftheobservations
regardingpinholes.
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TABLE I. LABORATORY SAMPLES AND EXPOSURE CONDITIONS.
Material

SiC

Protected RCC

Designation

SiC 4. 5

Deposit Gas

atmosphere
Air

Temperature.

o C

_000

SiC/ZnO 2.3 ZnO Air ! 000

CVD SiC 1. 2.3 Air 1200

i SiC/ZnO- 12-1, 2, 3 ZnO Air ]200
i

ICVD SiC A, B, C Air i450

CVD/ZnO A. B. C ZnO Air 1450

PC- I ZnO Air 1200

C- I Air _200

CC-ZnO- 12-C- I

ZnO

NaCI added

after four

c_,cles
ZnO

ZnO

ZnO

CC-ZnO- 1-2

Air

Air

AirCC-ZnO-2- I

Pressure,

atm

0.007

0.007

0.C_7

0.007

0.007

0.007

1200 0.092

1000 0.092

20(1 0.092

Times,

hr

I

I

I

I

I

I

27x 0.5 hr c_,cles

4x 0.5 hr cycles

2x 0.5 hr cycles

2x 05 hr Q, cles

I x 0.5 hr cycles

Table 11. XRD and chemical analysis results for 7nO + SiC stud_

Sample XRD Results Weight of Si,

products, mg

m_
SiC Oxidation at 1000"C

SiC 4 02

SiC 5 0

SiC + ZnO Oxidation at 1000"C

SiC/ZnO 2 SiC. ZnO. ZnzSiO 4 18.3

20

15

40

SiC/ZnO 3 SiC. ZnO, Zn2SiO 4 18.8 40

SiC Oxidation at 120Ct'C

SiC I SiC

SiC 2 0.1 55

SiC 3 02 27.5

SiC + ZnO Oxidation at 120()"C

SiC/ZnO-12-1

SiC/ZnO-12-2

SiC/ZnO-12-3

SiC Oxidation at 1450"C

SiC A

SiC B

SiC C

SiC, SiO 2. Zn ,SiO 4

SiC, SiO: (c_ -cristobalite)

mg

15.74

16.18

SiC + ZnO Oxidation at 1450"C

SiC/ZnO A SiC. SiO 2(a-cristobalite)

SiC/ZnO B

SiC/ZnO C

1.4 145 t.1

2.3 130 1.96

0.2 127.5

0.3 155

0.4 265 0.5

02 247.5 0.25
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Figure 1.--Schematic of shuttle showing RCC panel location.

/4-- Cracks/- Sodium
t// / silicate

glass
/ ,#' 4" ,¢t_Short SiC

,_ fibers,
/ ,_ ,jr _| particles

_____ SiC-50 p.rn

-0.5 mm

_ o

Carbon/carbon - 2 dimensional lay-up

Figure 2.--Diagram of material.
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50 I_m O 50 I_m

Si 50 lain Na 50 I_m

Figure 3._Cross section of material, BSE image and associated oxygen WDS map, illustrating a crack formed
as-fabricated (filled with SiO2) and in-service (not filled).
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(a)

SiC SiO2 _ i

02

I CO, CO 2

Na20.x (SiO2) liquid

SiC SiO 2

(b) SiO2-saturated liquid

Figure 4.--Diagram of (a) SiC oxidation process and

(b) thermochemically stable Na20.x (SiO2) coating
on SiC.
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Figure 5.ENa20.SiO2 binary phase di tgram (ref. 3).
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Figure 6.--(a) Pinhole from 0V-102, Wing Leading Edge Panel 12 RH, 15 flights.
Cross-sectional view is a BSE micrograph.
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Figure 6._Continued. (b) Pinhole from 0V-102, Wing Leading Edge Panel 12 RH,
15 flights. Cross-sectional view is an optical micrograph.
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Figure 6.---Continued. (c) from OV-102, Wing Leading Edge Panel 10 LH, 19
flights. The cross-sectional view is a BSE micrograph.
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Figure 6.--Continuing. (d) from OV-102, Wing Leading Edge Panel 10 LH,
19 flights. The cross-sectional view is a BSE mic ograph.
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Figure 6._Continued. (e) from 0V-102, Wing Leading Edge Panel 10 LH,
19 flights. The cross-sectional view is an optical micrograph.
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Figure 6._Continued. (f) from OV-102, Wing Leading Edge Panel 10 LH,
19 flights. The cross-sectional view is a BSE rr icrograph.
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y

Figure 6._Concluded. (g) Figures from OV-102, Wing Leading Edge Panel 10 LH,

19 flights• The cross-sectional view is a BSE micrograph.
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C/C SiC

(a)

,;r-- Na20 - x (SiO2)

' II

Vaponze C/C

Na20.x (SiO2.)

_9

CIC

(b)

SiO2

._.._f SiO (g)

_ CO (g)
SiC + 2SiO 2 = 3 SiO (g) + CO (g)

SiC

C/C
SiC + 02 (g) = SiO (g) + CO (g)

SiO (g)

SiC _ SiC + 112 02 (g) = Si02

(c)

Figure 7.mSchematic of proposed pinhole formati )n mechanisms which
are intrinsic to the material.
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C/C

(a)

SiC

C/C / SiC

(b)

,,,,_SiO2

sicl2(v)_JI_ NaCl2(v)
_';_- ,_sio

__NaCl(v)

!} o:

Si02

SiC >_ SiO 2

Cl(g)--i • ,

,,. N2

(c) "_ Si02

Figure &--Schematic of the proposed NaCI pinhole
formation mechanism (ref 10),
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Figure 9.--Photograph (video captured) of orange-red gas emerging from pinholes in an arc-jet test.
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Quadrupole mass filter -_-_
10 12 bar

10-11 bar

Collimator _,_
Chopper I "_ 10-8bar

I

Skimmer [ . _'_ /C_0"7 S

Sampling cone ---I_- L__

RCC sample , i ?i i

Furnace _ =i ?

-i!_!
ii

:I

Fused quartz tube

Gas in _ _--F

Thermocouple

500 I/sec

300 I/sec

2400 I/sec

10,000 I/sec

Figure 10.--Schematic of molecular beam mass spectrometer.
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O

Si

Zn,
Na

0 Zn,

[C I Na
I".00

Si _

:t.oo

0

Si

Zn Zn

_'.o0_',._ ,.oo

Figure 11 ._(a) High magnification of photo of glass/SiC interface in a pinhole (full view is in Figure 6(a)) and
associated EDS traces with regions (b) and (c). Note that Zn only extents to bottom of enlarged portion
of crack.
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Zn, Na C 0
0

Si Si

0.60 i.20 1.80 2.40 0.60 1.20 t,80 2.40

C

Si

Si

Figure 12.--High magnification photo of the glass/SiC interface in a pinhole (Figure 6(f)), showing composition
at various points within the pinhole.
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50O

400

20O

100

Na Lot Zn La

11.90 11.95 12.00 12.05 12.10 12.15 12.20 12.25 12.30 12.35

eV

Figure 13.--WDS of the pinhole glass, indicating it is rich in both Na and Zn.
This resolves the signal EDS peak in Figure 11 & 12.

i/_ aCl+

Na2CI+Zn+ //I

Mass to charge ratio

Figure 14.--Mass spectrometer trace showing gases coming off
protected RCC removed from the shuttle. The trace indicates
the presence of both NaCl(g) and Zn(g).
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Figure 15.---CVD SiC with ZnO, 1 hr in 0.05 atm air. (a) Surface view showir

ZnO and Zn2SiO 4 on surface after 1000 °C treatment. (b) Surface produc

in 14(a) removed by treatment in aqueous HF solution to reveal limited
surface attack after 1200 °C treatment.
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| I I I I
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Figure 16.--ZnO-SiO2 binary phase diagram (ref. 15).
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(a)

(b)

Figure 17.--Protected BCC matedal and ZnO (a) Before reaction. (b) After 1 cycle
in 0.092 atm air for 0.5 hr at 1200 °C.
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(c)

(d)

Figure 17._Concluded. (c) After 4 cycles in 1 atm air. (d) After 27 cycles in 1 atm air.

These cycles are 0.5 hr at 1200 °C.
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CP Level

2040

1913

; 1785

1658

"__i 1530

1403

1225

1148

1 O20

893

765
638

510

383

25,5
128

m

20 I_m C 20 I_m

CI 20 I_m Na 20 I_m

Figure 18.nProtected RCC material reacted with ZnO for 27 0.5 hr, cycles at 1200 °C in 1 atm air, region showing
ZnO-Na20-SiO2 glass adjacent to SiC. EPMA results_BSE image and associated elemental maps.
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20 I_m 0 20 _m

Si 20 t_m Zn 20 I_m

Figure 18.--Concluded.
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2.

ZnO - Na20 - SiO2 glass

SiO 2

SiC

Figure 19.mProtected RCC matedal reacted with ZnO for 27 0.5 hr, cycles at 1200 °C

in 1 atm air, region showing ZnO-Na20-SiO 2 glass adjacent to SiC. High magnification

photograph showing glass/SiC interface_note intermediate layer of SiO 2 crystallites.
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10_m C 1011m

CI 10 I_m Na 10 l_m

Figure 20.--Protected RCC material reacted with ZnO for 27 0.5 hr, c\_cles at 1200 °C in I atm air, region showing
ZnO-Na20-SiO 2 glass adjacent to a portion of the SiC layer, rich in 3iO 2. EPMA results_BSE image and
associated elemental maps.
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10 _m 0 10 _m

Si 10 I_m Zn 10 _m

Figure 20.---Concluded.
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50 I_m C 50 I_m

CI 50 t_m Na 50 p.m

Figure 21 .--Protected RCC material reacted with ZnO for five 0.5 hr, cycles at 1200 °C in 1 atm air, region

showing ZnO-Na20-SiO2 glass adjacent to SiC. After the four cycles a film of NaCI was sprayed on this
sample and the sample was cycled one more time. EPMA results--BSE image and associated elemental
maps. Note NaCI in primarily on top but some appears to have ponetrated the crack.
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50 _Lm 0 50 _m

Si 50 _m Zn 50 _m

Figure 21 ..--Concluded.

NASA/TM-- 1998-208659 37



SiO z

867*
789'

NazSizO
(8?3 °

20

4O

/
NozO

5i0 4
NzZzS:

NZS

_" 1470"

ZnzSiO4 1430 °
6O

ZnO

Wr % ZnO
ZnO

Figure 22.--ZnO-Na20-SiO2 Ternary Phase Diagram (ref. 16).
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(a) ZnO deposits in crack.

/

C/C

Na20.x (SiO2)

ZnO

(b) ZnO reacts with Na20.x (SiO2).

_/_- Na20.Y (ZnO).x (SiO2)

C/C __ CO (g)

SiC

C/C

(c) Na20.Y (ZnO).x (SiO2) dissolves SiO 2, thereby

attacking SiC.

,_ Na20.ylZnO)lx+l)-(Si02)

co (g)

(e) SiO2, depleted Na20.Y (ZnO)-x (SiO2) flows

into crack, attacking SiC.

(t) Crack is gradualy enlarged. Final microstructure
is shown below.

- SiO 2 C_stallites

1f- Na20.Y (ZnO).lx + 1) SiO

C/C

CO (g)

(d) SiO 2 rich Na20.Y (ZnO).(x+l) SiO2 is pushed
out by escaping gases, exposing fresh SiC.

C/C

Figure 23.--Schematic of proposed pinhole formation mechanism, based on ZnO-Na20-SiO 2 crack enlargment.

Steps (c)-(e) repeat, enlarging crack.

NASA/TM-- 1998-208659 39



REPORT DOCUMENTATION PAGE ForrnApprovea
OMBNo.0704-0188

Public reporting burden for this collection of information is estimated 1o average 1 hour per response, including the time for reviewing instructions, searching existing data sources,

gathering and maintaining the dala needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this

collection of information, including suggestions for reducing this burden, to Washington Headquarters Services Directorate for Information Operations and Reports. 1215 Jefferson

Davis Highway. Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperv, ork Reduction Project (0704-0188), Washington. DC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE

November 1998

4. TITLE AND SUBTITLE

Space Shuttle Pinhole Formation Mechanism Studies

6. AUTHOR(S)

Nathan S. Jacobson

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

Lewis Research Center

Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

Washington, DC 20546-0001

3. REPORT TYPE AND DATES COVERED

Technical Memorandum

5. FUNDING NUMBERS

WU- 260- I 0-0G-00

8. PERFORMING ORGANIZATION
REPORT NUMBER

E-11351

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

NASA TM-- 1998-208659

11. SUPPLEMENTARY NOTES

Responsible person, Nathan S. Jacobson, organization code 5160, (216) 433-5498.

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified- Unlimited

Subject Category: 27 Distribution: Nonstandard

This publication is available from the NASA Center for AeroSpace Information, (30i) 621-0390

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

Pinholes have been observed to form on the wing leading edge of the space shuttle alter about 10-15 flights. In this report

we expand upon previous observations by Christensen (1) that these pinholes often form along cracks and are associated

with a locally zinc-rich area. The zinc appears to come from weathering and peeling paint on the launch structure. Three

types of experimental examinations are performed to understand this iss ae further: (A) Detailed microstructural examina-

tion of actual shuttle pinholes (B) Mass spectrometric studies of coupon; containing actual shuttle pinholes and (C)

Laboratory furnace studies of ZnO/SiC reactions and ZnO/SiC protectec carbon/carbon reaction. On basis of these

observations we present a detailed mechanism of pinhole formation due to formation of a corrosive ZnO-Na20-SiO 2

ternary glass, which flows into existing cracks and enlarges them.

14. SUBJECT TERMS

Carbon/carbon: Shuttle; Corrosion

17. SECURITY CLASSIFICATION

OF REPORT

Unclassified

NSN 7540-01-280-5500

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION

OF ABSTRACT

Unclassified

15. NUMBER OF PAGES

45
16. PRICE CODE

A03
20. LIMITATION OF ABSTRACT

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18

298-102


